The primary objective of the work-in-progress reported here is to compare near-surface imaging results using ultra-shallow (upper 3 m) seismic-reflection techniques and ground-penetrating radar (GPR) at an alluvial site near Great Bend, Kansas. Although various seismic and GPR surveys have been used for near-surface imaging, little i s known about how the two techniques might work i n concert for very-high-resolution surveys at depths where both techniques work well. We show examples from the test site demonstrating that imaging is possible in the 1-to 6-m range using both seismic and GPR techniques and then discuss the implications of each.
Introduction
Both seismic-reflection and GPR surveys are now standard tools for imaging the shallow subsurface for environmental and engineering purposes.
Often, however, the two tools are not used in concert. Thus, as part of an effort to evaluate how each geophysicalreflection method responds to the subsurface at the same location, we will repeat seismic and GPR surveys several times on a seasonal basis in an alluvial river valley i n central Kansas. We began experimentation in October 1997 and will continue testing in March, May, and August, 1998. We will examine the variations in the images from each method and how each method may vary in response to seasonal fluctuations in near-surface conditions. For example, we know that the 2-to 3-m-deep water table fluctuates at this site on a seasonal basis and that this fluctuation can be expected to result in temporal variations in the two types of data.
Additionally, temporal variations in soil-moisture content are known t o be important in shallow-seismic surveys Jefferson and Steeples, 1995) , and we will ascertain the possible effect on GPR-data quality, over time, of variations in soil moisture conditions. The authors are aware of only one example in the refereed scientific literature (Cardimona et al., 1998 ) that reports successful work involving both shallow seismicreflection data and GPR data obtained from the same volume of earth at depths of less than 20 m. In fact, most environmental geophysicists regard seismic-reflection as a "deep" imaging technique and GPR as a "shallow" technique.
Although GPR and seismic signals respond to different physical parameters in the earth, as well as to various changes in them, in some cases the two techniques can be expected to yield similar results. In cases in which the two techniques work well and respond to the same geologic and hydrologic phenomena, the advantage i n resolution would usually go to GPR. In other instances, however, these techniques may yield substantially different geologic information, as each may respond t o changes in different parts of the volume of material under investigation.
Seismic reflections arise from changes in acoustic impedance, which means that the product of seismic-wave velocity and density must change for a seismic reflection to occur. In contrast, ground-penetrating radar responds to changes in the constitutive electrical parameters of the soil. These parameters are permittivity, permeability, and conductivity.
When any of these electromagnetic parameters changes at an interface, a radar reflection may be seen, but a seismic reflection might not occur. An opposite example might be envisioned in which the constitutive electrical parameters would be constant across an interface at which either bulk density or seismicwave velocity varies. In sum, seismic data and radar data can give us distinct but complementary information about different physical parameters in the earth volume surveyed. In practice, important geologic and hydrologic interfaces often are characterized by changes in density, seismic velocity, and dielectric permittivity.
We have selected a test site in central Kansas at which both high-quality, shallow P-wave seismic-reflection and GPR data have been collected. Both techniques work well in the depth range of 1 to approximately 6 m at our test site. Although not environmentally sensitive, the test site offers the advantage of acting as an outdoor mesoscale laboratory, i.e., it is larger than a core sample or a manufactured sandbox but smaller than a typical environmental remediation site. The combined seismicreflection and GPR data collected in the upper 6 m at the site will contribute to a better understanding of the relationships between seismic and radar signatures in the shallow subsurface.
Seismic Data
High-quality seismic P-wave reflections in the upper 8 m of the earth have been obtained previously by Birkelo et al. (1987) at the test site. Additionally, high-quality GPR data were recently collected at the same site. The site i s adjacent to the Arkansas river, near the geographic center of Kansas. The upper portion of the test area is composed mostly of sand and gravel several meters thick. This combination allows good penetration of radar energy. Figure 1 . A digitally filtered, AGC-scaled field file of seismic data collected near Great Bend, Kansas. The source was a .22-caliber rifle fired downhole at a depth of 30 cm, with a nominal off-line perpendicular distance of 8 cm. The geophone interval was 10 cm. There are two prominent reflection events with zerooffset times of 14 ms and 24 ms. The apparent hyperbolic event with a zero-offset time of 4 ms i s direct P-wave energy. This event appears to be hyperbolic because of the offset between the geophone array and the tip of the rifle barrel (both vertically and horizontally). The 14-ms event i s calculated to have been generated by a horizon at a depth of 1.4 m, and the 24-ms event from a depth of 2.6 m. The 24-ms event has been verified by well information to be the water table. The dominant frequency of the reflected events is ~ 600 Hz. Using the quarter-wavelength approximation with the calculated seismic velocities between 230 and 250 m/s, the vertical resolution of these data should be o n the order of 10 cm.
An example of the seismic field data collected in October, 1997 (Figure 1 ), shows two high-quality seismic P-wave reflections from a layer 1.4 m deep and from the top of the saturated zone at a depth of 2.6 m. Birkelo et al. (1987) were able to follow the deeper of these seismic reflections downward in space during a seven-day pumping test i n 1986. They found that the reflector was the top of the saturated zone at 2.6 m. On the date of our 1997 data collection, the water table was also at a depth of 2.6 m.
GPR Data
Ground-penetrating-radar data were also acquired i n October, 1997, using a Sensors and Software PulseEKKO 1000 GPR unit with a 225-MHz antenna. A CMP-GPR spread to establish the time/depth relationship from the hyperbolic-moveout curve is shown in Figure 2 . The CMP spread shows that the water-table reflection at 2.6 m arrives at about 32 ns. Only the positive offset data were collected in the field. The negative offsets were generated b y "mirroring" the positive offsets for easier comparison with the split-spread seismic field file i n Fig. 1 . The data were collected using 225-MHz antennas, and the antenna-separation interval was i n increasing increments of 7.62 cm. The prominent reflection event with a zero-offset time of 32 ns i s believed to be the 2.6-m-deep event similarly observed on the seismic data. This event has been constrained by well information to be the water table.
We have not yet ascertained how much actual geologic information can be obtained below the water table with GPR, but considerable coherent energy is present at times of at least 100 ns, which corresponds to depths of 6 m or so. By using a lower frequency antenna, we may be able to image a few meters deeper. Additionally, we may be able to determine the relative permittivity of the layer below the first reflecting interface--and thus constrain the lithology--by utilizing amplitude-variation-with-offset (AVO) analysis of the GPR data (Baker, 1998) .
C o n c l u s i o n s
Because the water table fluctuates at this site on a seasonal basis, variations in the seismic-reflection and GPR data over time can be observed. Additionally, our preliminary data demonstrate that high-quality-reflection data can be obtained at the test site using both seismic and GPR techniques. Consequently, after establishing optimal field parameters for each technique, we will repeat the surveys seasonally, and explore the temporal as well as spatial variations in each method.
Additionally, our preliminary data suggest that reflected events recorded using both methods are not completely coincident in space. The GPR data appear to show more reflected arrivals that are shallower than the 2.6-m event than do the seismic data. Again, our goal will be t o determine what each of these methods is "seeing" and whether additional information about the subsurface may be obtained by observing when and where coincident and noncoincident events occur with each of the imaging methods.
